Aims: Negative T waves in precordial leads often occur in patients with acute coronary syndrome (ACS), but are also found in acute pulmonary embolism (APE) and Takotsubo cardiomyopathy (TC). Because the clinical features of these two diseases mimic those of ACS, differential diagnosis is essential to select an appropriate treatment strategy improve outcomes. This study aimed to clarify the differences in negative T waves among ACS, APE and TC. Methods and results: We studied admission ECGs in 300 patients (198 patients with ACS caused by the left anterior descending coronary artery disease, 81 with APE and 21 with TC). All patients were admitted within 48 h from symptom onset and had negative T waves ≥1.0 mm without ST-segment elevation in leads V1 to V4. The number and maximal amplitude of negative T waves were greatest in patients with TC, followed by in those with ACS, and were lowest in patients with APE (p < 0.001, respectively). The prevalence of negative T waves significantly differed in all 12 leads among the three groups (p < 0.01, respectively). Negative T waves in both leads III and V1 identified APE with 90% sensitivity and 97% specificity. Negative T waves in lead -aVR (i.e., positive T waves in lead aVR) and no negative T waves in lead V1 identified TC with 95% sensitivity and 97% specificity. These values represented the highest diagnostic accuracies. Conclusion: The distributions of negative T waves differed among ACS, APE and TC, and these differences were useful for differentiating among these three diseases.
Introduction
Negative T waves are common electrocardiographic changes in patients with non-ST-segment elevation acute coronary syndrome (ACS). [1] [2] [3] [4] In particular, negative T waves in the precordial leads suggest severe ischemia of the left ventricular anterior wall due to a critical stenosis of the left anterior descending coronary artery (LAD). [5] [6] [7] However, this electrocardiographic finding is also frequently observed in patients with acute pulmonary embolism (APE), especially in those at risk for adverse outcomes. [8] [9] [10] [11] [12] Symptoms of APE, such as chest pain/discomfort or dyspnea, are often difficult to differentiate from those of ACS. Misdiagnosis of APE as ACS has been linked to preventable deaths in patients with APE. 13, 14 Furthermore, Takotsubo cardiomyopathy (TC) is a recently recognized novel cardiac syndrome characterized by new electrocardiographic abnormalities (ST-segment elevation, negative T waves), elevated cardiac enzymes and transient left ventricular apical ballooning without obstructive coronary disease. Symptoms of TC, such as chest pain/discomfort or dyspnea, have been also shown to be similar to those of ACS. [15] [16] [17] In most patients with TC, left ventricular dysfunction improves rapidly and dramatically, and the prognosis is generally considered favorable. [15] [16] [17] There is a risk of misdiagnosing TC as ACS in patients with negative T waves on initial electrocardiogram (ECG), potentially leading to inappropriate treatment at presentation and subsequently.
APE and TC should thus be included in the differential diagnosis of ACS in patients who have precordial negative T waves at initial presentation. Prompt differentiation among these three diseases is essential to ensure selection of an appropriate management strategy and thus improve outcomes. Cardiac troponin is a highly sensitive and specific marker of myocardial damage, and its role in risk stratification is well established in ACS. 5 However, elevated cardiac troponin levels are found in patients with severe APE 10, 18, 19 and are most commonly elevated in TC, 15, 17 suggesting limited value for differentiating among these three diseases. Echocardiography is likely to be useful for differential diagnosis, but has several technical limitations, and fully assessable echocardiographic images are often not obtained. Furthermore, the results of echocardiographic evaluation are not always readily available at the time of presentation. The 12-lead ECG is a simple, prompt, inexpensive, and most widely available initial clinical diagnostic examination. This study sought to assess the value of negative T waves for differentiating among ACS, APE and TC.
Methods
We retrospectively studied 300 consecutive patients (198 with ACS, 81 with APE and 21 with TC) who were admitted to our coronary care unit between May 1998 and June 2011 and fulfilled the following criteria: (1) admission within 48 h after the onset of symptoms such as chest pain/discomfort, dyspnea or other ischemic symptoms; 5 (2) no conditions precluding the evaluation of ST-segment changes on ECG (i.e. complete left or right bundle branch block, left ventricular hypertrophy, ventricular pacing or receiving drugs with potential effects on ECG); (3) no obvious past history of cardiopulmonary disease; and (4) fully assessable ECG on admission with negative T waves of at least 1.0 mm in two or more contiguous precordial leads (V1 to V4). Patients with new ST-segment elevation of at least 2.0 mm in two contiguous precordial leads on admission ECG were excluded. The study was approved by the Ethics Committee of our institution, and all subjects gave informed consent.
Patients with ACS who had an unstable pattern of symptoms, including rest, new-onset, or increasing angina were studied. 5 All patients underwent cardiac catheterization during hospitalization. The culprit lesion was defined as the lesion associated with angiographic findings suggesting local thrombus, the most severe lesion, or both, and it was confirmed to be located in the LAD. The diagnosis of APE was confirmed by one or more of the following examinations: pulmonary angiography, lung perfusion scintigraphy or computed tomographic scan. The patients with TC showed the following features: 15, 17 (1) transient hypokinesis, akinesis or dyskinesis of the left ventricular apical segment (and midventricular segment) with regional wall-motion abnormalities extending beyond a single epicardial vascular distribution; (2) the absence of significant (>50%) obstructive coronary artery disease or angiographic evidence of acute plaque rupture; (3) new electrocardiographic abnormalities (T wave inversions); and (4) the absence of pheochromocytoma or myocarditis. All patients with TC underwent cardiac catheterization or coronary computed tomography angiography during hospitalization.
Twelve-lead ECGs were recorded on admission at a paper speed of 25 mm/s and an amplification of 10 mm/mV. All ECGs were examined by a single cardiologist who was blinded to all other clinical data. ST-segment deviation was measured manually to the nearest 0.5 mm at the J point. A negative T wave was considered present if the depth was at least 1.0 mm. In this study, the anatomically contiguous Cabrera sequence (III, aVF, II, -aVR, I and aVL) was used to display the limb leads, as recommended in current international recommendations for the clinical interpretation of ECG. 6 We also analyzed the following admission electrocardiographic findings, previously shown to be associated with APE: 8, 9 (1) P pulmonale, P waves ≥2.5 mm in limb leads or >1.5 mm in lead V1; (2) right axis deviation, QRS electrical axis >90°; (3) left axis deviation, QRS electrical axis ≤-30°; (4) S 1 S 2 S 3 pattern, the presence of S waves ≥1.5 mm in leads I, II and III; (5) S 1 Q 3 T 3 pattern, the presence of S waves in lead I and Q waves in lead III, each having amplitudes >1.5 mm, in association with negative T waves in lead III; (6) low voltage, greatest overall deflection of the QRS complex ≤5.0 mm in all limb leads; and (7) clockwise rotation, a shift in the transition zone (R=S) in the precordial leads to V5 or beyond.
A qualitative assay for cardiac-specific troponin T (Roche Diagnostics, Tokyo, Japan; detection limit, 0.1 ng/ ml of cardiac-specific troponin T) was performed on admission. Troponin T ≥0.1 ng/ml was defined as positive.
Statistical analysis
Continuous data are expressed as mean values ± standard deviation, and categorical data are expressed as numbers and percentages. Analysis of variance was used to compare continuous variables. Chi-square analysis was used to compare categorical variables. Differences were considered statistically significant at p < 0.05. The data were analyzed using SPSS, version 20.0 (SPSS, Inc., Chicago, IL).
Results
The baseline characteristics of the subjects are shown in Table 1 . Patients with TC tended to be older and less frequently admitted within 24 h from symptom onset, but the differences did not reach statistical significance. Patients with ACS were more likely to be men and had a higher systolic blood pressure on admission as well as higher prevalences of diabetes mellitus, hypertension, hyperlipidemia and smoking. Heart rate on admission was highest in patients with APE, followed by those with TC and was lowest in patients with ACS. Patients with TC had more frequently positive troponin T on admission. In patients with ACS, 34% were multivessel disease, 75% were proximal LAD disease, and 25% were distal LAD disease. Severe stenosis of ≥90% was observed in 68% of patients with proximal LAD disease, and in 88% of those with distal LAD disease.
Electrocardiographic findings on admission are presented in Table 2 . APE was more frequently associated with P pulmonale, S 1 S 2 S 3 pattern and clockwise rotation. Right axis deviation and S 1 Q 3 T 3 pattern were observed in only APE. Low voltage was more frequent in APE and TC. However, the frequencies of these findings were low. There was no significant difference in left axis deviation among the three groups. ACS was more frequently associated with ST-segment depression as well as greater summed ST-segment depression. The number and maximal amplitude of negative T waves were greatest in patients with TC, followed by those with ACS and were lowest in patients with APE. The prevalence of negative T waves in the three groups is shown in Figure 1 . The frequencies of negative T waves significantly differed in each of the 12 leads among the 3 groups (p = 0.004 for lead V2 and p < 0.001 for the remaining 11 leads). In the limb and precordial leads, the distribution of negative T waves obviously differed among the three groups. In the limb leads, negative T waves were frequently observed in leads I and aVL, particularly in the latter, and were rare in inferior leads and lead -aVR in patients with ACS. In contrast, the prevalence of negative T waves gradually decreased from leads III to -aVR, and negative T waves were not found in lead I or aVL in patients with APE, whereas a high prevalence of negative T waves centered around lead -aVR in patients with TC. In the precordial leads, the distribution of negative T waves centered around lead V3 in patients with ACS. In contrast, negative T waves were consistently observed in leads V1 and V2, and their prevalence gradually decreased from leads V3 to V6 in patients with APE, whereas a high prevalence of negative T waves was noted in precordial leads except for lead V1 in patients with TC. Negative T waves in both leads III and V1 were present in 90% of patients with APE, but only in 3% of patients with ACS or TC (p < 0.001). Negative T waves in lead -aVR (i.e. positive T waves in lead aVR) and no negative T waves in lead V1 were observed in 95% of patients with TC in contrast to only 3% of patients with ACS or APE (p < 0.001). Table 3 shows the sensitivities, specificities, positive and negative predictive values and predictive accuracies of electrocardiographic findings for the diagnosis of APE. P pulmonale, right and left axis deviation, S 1 S 2 S 3 and S 1 Q 3 T 3 patterns, low voltage and clockwise rotation were specific, but not sensitive for APE. No negative T waves in lead I, aVL or V6 and negative T waves in lead V1 were very sensitive for APE, but the specificities of these findings were relatively low. Negative T waves in lead III was highly predictive of APE; furthermore, the diagnostic accuracy of this finding combined with negative T waves in lead V1 was very high, representing the highest predictive accuracy. Table 4 shows the sensitivities, specificities, positive and negative predictive values and predictive accuracies of electrocardiographic findings for the diagnosis of TC. Negative T waves in lead -aVR (i.e. positive T waves in lead aVR) and no negative T waves in lead V1 were highly predictive of TC, but the positive predictive values of these findings were low. However, the combination of these two findings resulted in the highest ability to differentiate TC. For other continuous electrocardiographic variables not shown in the table, no cut-off points were found to discriminate among the three groups. Figure 2 shows representative ECGs for one patient from each group.
Discussion
This study included only patients with ACS caused by LAD disease, APE and TC who were admitted within 48 h from symptom onset and had precordial negative T waves without ST-segment elevation at presentation. In this setting, the distribution of negative T waves obviously differed among these three diseases, and these differences were useful for differential diagnosis. Negative T waves in both leads III and V1 strongly suggested APE, and negative T waves in lead -aVR (i.e. positive T waves in lead aVR) combined with no negative T waves in lead V1 strongly suggested TC. The clinical presentations of these three diseases often overlap, but these electrocardiographic criteria could simply but accurately differentiate APE or TC from ACS. The reasons why negative T waves are differently distributed among ACS, APE and TC are uncertain, but may reflect the differences in underlying electrophysiologic mechanisms among the three diseases.
Negative T waves in ACS
In patients with non-ST-segment elevation ACS, T wave changes have been shown to be more common than ST-segment changes. 1, 3 Negative T waves can actually be preceded by transient ST-segment elevation, which is present in leads facing the site of ischemia. 6 Therefore, the ischemiarelated artery and its perfusion territory may be predicted on the basis of the distribution of negative T waves. In patients with ACS caused by LAD disease in this study, negative T waves were distributed primarily around leads V2 to V4 in the precordial leads, facing the anterior region of the left ventricle, and in lead aVL in the limb leads, facing the lateral region of the left ventricle. Negative T waves in lead V1 were observed in 63% of these patients. Lead V1 is considered to reflect the right paraseptal region, often supplied by the septal branch of the LAD. Negative T waves in this lead may suggest severe ischemia in the interventricular septum caused by more proximal LAD disease. 20 In this study, the majority (75%) of patients with ACS had proximal LAD disease. Conversely, the prevalence of negative T waves in lead -aVR and inferior leads was very low. Lead -aVR (+30°) bridges the gap between lead I (0°) and lead II (60°); in other words, lead -aVR faces the apical region of the left ventricle. 6 The perfusion territory of the LAD might not extend to the inferior as well as the apical regions of the left ventricle, 21 resulting in less negative T waves in leads facing these regions.
Negative T waves in APE
The electrocardiographic manifestations of APE include rhythm disturbances and changes in P waves, QRS complexes or T waves. 8 These abnormalities have been shown to be highly variable and frequently transient. 8 In the present study, electrocardiographic findings associated with APE, such as P pulmonale, right and left axis deviation, S 1 S 2 S 3 and S 1 Q 3 T 3 patterns, low voltage and clockwise rotation were specific, but not sensitive for APE. On the other hand, negative T waves are known to be the most common, persistent change in patients with APE. 8, 10 Previous studies have suggested that severe ischemia of the right ventricle may result from an acute right ventricular pressure overload, impaired coronary blood flow and hypoxia caused by APE, possibly leading to negative T waves. 8, 12 In the present study, negative T waves in leads III, V1 and V2 were very common in patients with APE. Lead III faces the inferior region of the right ventricle, and leads V1 and V2 face the anterior region of the right ventricle. With increasing severity of right heart failure and dilation of the right ventricle towards the left owing to limited pericardial expansion, negative T waves are thought to move towards the left, i.e. from leads III to aVF to II in the limb leads and from leads V1 to V6 in the precordial leads. Negative T waves were rare in leads -aVR, V5 and V6, and were not found in leads I and aVL. These findings are probably ascribed to the fact that dilation of the right ventricle in APE rarely extends to the regions faced by these leads.
We have previously shown that negative T waves in both leads III and V1 could differentiate APE from ACS in patients who had precordial negative T waves at presentation. 9 The results of the present study confirm and extend our previous findings. This simple electrocardiographic criterion may help to correctly differentiate APE from not only ACS, but also TC.
Negative T waves in TC
In TC, negative T waves commonly appear after the resolution of initial ST-segment elevation. 15 Previous studies have reported that negative T waves are already found on ECG at presentation in an appreciable number of patients with TC. 16, 17 Electrocardiographic changes in TC have been shown to be similar to those in anterior acute myocardial infarction. 15, [22] [23] [24] The development of negative T waves after reperfused acute myocardial infarction has been attributed to viable but sympathetically denervated myocardium, because sympathetic denervation delays repolarization. 25 We have recently shown that negative T waves progressively developed in both TC and reperfused anterior acute myocardial infarction during the subacute phase and were especially prominent in the former, suggesting that TC might be associated with more viable but sympathetically denervated myocardium. 24 In the present study, TC was also associated with a greater amplitude and higher prevalence of negative T waves, as compared with ACS and APE. In addition, negative T waves were more broadly distributed around lead -aVR in the limb leads and the precordial leads except lead V1. These findings are probably ascribed to the fact that wall motion abnormalities in TC are centered around the apical region of the left ventricle faced by lead -aVR and less frequently extend to the regions faced by lead V1, i.e. the right ventricular anterior region as well as the right paraseptal region. [26] [27] [28] Moreover, less negative T waves in lead V1 may be attributed to another reason: TC, but not ACS caused by LAD disease or APE, is usually associated with wall motion abnormalities in the posterolateral region, 29 resulting in negative T waves in this region. This finding is reflected in the appearance of positive T waves in the opposing lead V1. We have previously shown that during the acute phase, TC is characterized by ST-segment elevation in lead -aVR and no ST-segment elevation in lead V1. 23 During the subacute phase, it is plausible that these findings were reflected in negative T waves in lead -aVR and no negative T waves in lead V1. 24 The underlying reasons remain speculative, but these electrocardiographic findings most accurately predicted TC in the present study.
Extent of negative T waves
In patients with non-ST-segment elevation ACS, previous studies showed that merely the presence of negative T waves has little prognostic value as compared with ST-segment depression. 4 However, quantitative T wave analysis can provide additional predictive information about clinical outcomes. The number of leads with negative T waves of ≥6, indicating more extensive ischemia, was associated with adverse outcomes in several large clinical trials. 2, 3 In patients with APE, negative T waves in precordial leads (V1 to V4) have been shown to correlate with worse outcomes. 10 We have previously demonstrated that an increasing number of leads with negative T waves is associated with poorer short-term clinical outcomes in patients with APE. 11 Thus, patients with diffuse negative T waves are thought to be at high risk in ACS or APE. However, in the present study, the distribution of negative T waves was most extensive in patients with TC, whose prognosis is generally considered favorable. These findings may strengthen the clinical importance of differentiating among these three diseases in patients who present with precordial negative T waves.
Limitations
This study was retrospective and performed at a single center. Furthermore, we studied a small number of patients who met strict inclusion criteria to ensure a homogenous group of subjects. Consequently, our findings may not be able to be extrapolated to a general group of patients with ACS, APE and TC. Caution is required because we retrospectively studied only ECGs with precordial negative T waves. Furthermore, clinically significant coronary stenosis may have been present in some of the patients with APE. However, the diagnosis of APE was based on standardized criteria in all patients. Therefore, further diagnostic workup, particularly invasive coronary angiography to exclude concomitant coronary artery disease, was not deemed appropriate. Further prospective studies in larger numbers of patients are required to confirm our findings.
Conclusion
In patients with ACS, APE and TC who had precordial negative T waves without ST-segment elevation on ECG at presentation, focusing on T wave changes in leads III, aVR and V1 can help to differentiate among these three diseases.
